Abstract: During and aft er the closure of the Neo-Tethyan Ocean and progressive collision of the Tauride-Anatolide Platform with the Sakarya Continent, widespread magmatism occurred in NW Anatolia. Th is magmatism is manifested in a NW-trending belt along the northern border of the Menderes Massif. Due to the complex geodynamic setting of this region, the exact emplacement depth of the granitoids is still a matter of debate. Here we present Al-in-hornblende barometrical data and Sr-Nd-Pb isotope compositions of the Early Miocene Alaçam granite. Th e results imply a shallow emplacement depth of this granite (4.7±1.6 km) in contrast to previous studies which suggested emplacement along the brittle-ductile boundary of the crust. 
Introduction
From Eocene to Quaternary time, extensive igneous activity took place in the Aegean-NW-W Anatolian region (Figure 1 ). Evolution of this widespread magmatic activity was studied by various researchers (Altherr & Siebel 2002; Altherr et al. 2004; Altunkaynak 2007; Brichau et al. 2007; Dilek & Altunkaynak 2007; Aydoğan et al. 2008; Özgenç & İlbeyli 2008; Akay 2009; İlbeyli & Kibici 2009; Erkül 2010; Hasözbek et al. 2010 Hasözbek et al. , 2011 Jolivet & Brun 2010; Stouraiti et al. 2010) . In the Aegean Sea, S-type (i.e., Ikeria, eastern intrusion, Tinos-KrokosParos), and I-type granitoids (i.e., Tinos, Falatados, Ikeria, western intrusion, Naxos) are widely exposed, with extrusive and intrusive products. Miocene postcollisional I-type granitoids (i.e., Kozak, Evciler, Alaçam, Eğrigöz and Baklan) are also exposed in NW Anatolia along a belt straddling the southern and northern parts of the İzmir-Ankara Suture Zone (Figure 1 ). Petrogenetic models explaining this magmatic zone generally involve a mantle contribution during magma generation (Aldanmaz et al. 2000; Dilek & Altunkaynak 2007 , 2009 ). Moreover, Aydoğan et al. (2008) found evidence for mantle and crustal-derived melt contribution in the genesis of the Baklan granite (Banaz-Uşak). Recent petrogenetic studies of the Miocene Eastern Aegean magmatism (Aegean island magmatism), however, are in basic agreement that those granitoids are derived from a crustal metasedimentary source (Altherr & Siebel 2002; Stouraiti et al. 2010) . Stouraiti et al. (2010) suggested that three end members (metasedimentary biotite-gneiss, marble and amphibolite) were involved in the generation of the Middle-Late Miocene granitoids of the Aegean Sea. Various researchers have suggested petrogenetic models supporting this hypothesis, with new radiometric and structural data (Stouraiti et al. 2010 and references therein) . Th e main purpose of these studies was to specify the geodynamic nature of this magmatism from Eocene to Quaternary time, namely to discover whether granite production was triggered by continent-continent collision, subduction of oceanic lithosphere, delamination, slab-break off , or by lithospheric extension along crustal detachments (Bozkurt & Oberhansli 2001; Altherr & Siebel 2002; Altherr et al. 2004; Altunkaynak 2007; Brichau et al. 2007; Dilek & Altunkaynak 2007 , 2009 ; Aydoğan et al. 2008; Akay 2009; İlbeyli & Kibici 2009; Erkül 2010; Hasözbek et al. 2010 Hasözbek et al. , 2011 Jolivet & Brun 2010; Stouraiti et al. 2010) .
Th is paper focuses on the Early Miocene Alaçam granitic body located along the northern border of the Menderes Massif (NW Anatolia) in the NW Anatolia Magmatic Belt. Geological, geochemical and geochronological results were published in Hasözbek et al. (2011) . Here, we present new Al-in-hornblende thermobarometry and new Sr-Nd-O-Pb isotope data and present a model for the emplacement and the petrogenesis of the Alaçam granite. Th e petrogenesis and emplacement depth of the Alaçam granite are discussed in the frame of Early Miocene magmatism along the southern part of the İzmir-Ankara Suture Zone.
Regional Geological Setting
Tertiary magmatism in the eastern Mediterranean region, including both the Aegean Sea and NW Anatolia, was a consequence of diff erent geodynamic processes (Dilek & Altunkaynak 2007 , 2009 Jolivet & Brun 2010; Stouraiti et al. 2010) . Major tectonic events occurring between Eocene and Quaternary time include subduction of the African lithospheric plate beneath the Aegean, collision between Africa and Eurasia, and backarc extension (e.g., Jolivet & Brun 2010; Stouraiti et al. 2010) (Figure 1 ). Both NW Anatolia and the Aegean islands have similar geological settings: in both regions blueschist facies metamorphism was almost entirely overprinted under high to medium temperature/low pressure metamorphic conditions (Okay 1980 (Okay , 1982 Candan et al. 2005; Stouraiti et al. 2010) . Th e metamorphic basement was intruded by the Eocene and Miocene granitoids (Karacık & Yılmaz 1998; Altunkaynak & Yılmaz 1999; Altunkaynak 2007; Dilek & Altunkaynak 2007 , 2009 Akay 2009; Hasözbek et al. 2010 Hasözbek et al. , 2011 which are suggested to have been emplaced either along detachment faults in an extension zone (Bozkurt & Oberhänsli 2001; Işık & Tekeli 2001; Işık et al. 2003; Seyitoğlu et al. 2004; Ring & Collins 2005; Th omson & Ring 2006; Erkül 2010; Jolivet & Brun 2010; Stouraiti et al. 2010) , or to have originated from a thickened crust resulting from a compression event (Karacık & Yılmaz 1998; Altunkaynak & Yılmaz 1999; Yılmaz et al. 2001; Yılmaz 2008; Akay 2009; Hasözbek et al. 2010 Hasözbek et al. , 2011 .
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A e g e a n S e a Bla ck Sea S u t u r e B i t l i s -Zag ros C a l a b r i a n A r c C a s p i a n S e a Atlantic Ocean 500 km N Alpine-Himalayan Belt (after Neubauer & Raumer 1993) compressional front of the Alpine Chain (after Beccaluva et al. 1991) Neogene compressional front of the AppennineMaghrebian Chain (after Beccaluva et al. 1991) In NW Turkey, the Miocene Alaçam granite is exposed along the collision zone between the Sakarya Continent and the Menderes platform. Th e granite intrudes four diff erent tectonic zones of these two continents which form imbricated nappe packages (Figures 1 & 2) . Th ese are, from bottom to top: (1) the Menderes metamorphics, characterized by a high-to medium-grade metapelite association, (2) a meta-ophiolitic nappe complex, similar in lithology to the Late Cretaceous Selçuk Formation (Güngör & Erdoğan 2001 which tectonically overlies the Menderes metamorphics, (3) the Afyon Zone, which tectonically overlies both the Menderes Massif and a meta-ophiolitic nappe complex (greenschist facies low-grade metamorphic rocks) comprising gneissic granites, metapelites, metarhyolites, and recrystallized limestones, and (4) the Bornova Flysch Zone, a non-metamorphic Late Cretaceous-Late Oligocene ophiolitic mélange, which tectonically overlies the Afyon Zone. Th e Alaçam granite and the tectonic package are unconformably overlain by Middle-Upper Miocene continental-lacustrine sedimentary rocks, and an andesitic volcanic sequence (Figure 2) . Th e granite and its related stocks yielded U-Pb zircon ages of 20.0±1.4 Ma and 20.3±3.3 Ma, respectively (Figure  2) . Th e granite displays characteristically steeplydipping, sharp contacts with the country rocks. Th e inner contact zone consists of microgranite, which gradually passes inward into a coarsegrained holocrystalline phase. Abundant enclaves of Menderes metamorphics and Afyon Zone rocks are found along the contact zone. Th e granitic body is not deformed, except in part of the contact zones, where it was probably caused by rapid cooling at a shallow crustal level during continuous emplacement .
Analytical Methods
Geochemical analyses were carried out in Acme Analytical Laboratories Ltd (Vancouver, Canada) by ICP-AES (Inductively Coupled Plasma Atomic Emission Spectrometry) and ICP-MS (Inductively Coupled Plasma Mass Spectrometry). Th e data are published and discussed in detail in Hasözbek et al. (2011) . Th in section preparation and polishing for microprobe analysis were done in the petrographical laboratory of Tübingen University, Germany. Chemical analysis of amphibole minerals from the Alaçam granite were carried out on a JEOL 8900 electron microprobe at the Institut of Geosciences, Tübingen University (Table 2) . Raw data were corrected according to Armstrong (1991) . Both synthetic and natural standard s were used for calibration. Th e emission current was 15 nA and the acceleration voltage 15 kV. Counting times were usually 10 s for each element. In order to avoid signifi cant Al increase through contact with plagioclase and biotite, analyses were performed on amphibole minerals in contact with quartz. Th e Anderson & Smith (1995) calibration method with temperature estimates from the plagioclasehornblende geothermometer (reaction B) of Holland & Blundy (1994) was used where plagioclase was in contact with amphibole. Atomic proportions of amphiboles were taken from Holland & Blundy (1994) . Pressure calculations, were performed by using excel sheet from Anderson & Smith (1995) . Plagioclase compositions were determined by standard petrographical method. In plagioclase composition, dependence error was not more than ±0.5 kbar. Mineral BSE images were taken using the electron microprobe at the Institute of Geosciences, Tübingen University. Sr, Nd, Pb, O isotope analysis from 6 samples of the Alaçam granite ( Sr ratios and the Rb and Sr concentrations taken from the ICP/ES measurements. Th e thermal fractionation of Pb isotopes was determined by measuring of Pb standard NBS981 and the isotopic ratios were corrected for 0.11% fractionation per atomic mass unit. All the initial isotopic calculations were based on the 20.0±1.4 Ma U-Pb zircon ages of the Alaçam granite (sample no: 1045) (Hasözbek et al. 2011) .
Oxygen from whole-rock samples was extracted with BrF 5 according to the method of Clayton & Mayeda (1963) . About 7 mg of sample was converted into CO 2 . Th e reaction was performed at 550°C for 16-18 h. Isotope measurements were made on a 
Petrography, Geochemistry and Isotopic Data
Petrographical and geochemical characteristics of the Alaçam granite are given in Hasözbek et al. (2011) . Th e pluton includes mainly granites and minor granodiorites. Th e granite generally exhibits a moderate coarse-grained holocrystalline texture. In places where the margin of the granite is well exposed however, the texture is fi ne-grained due to rapid cooling . Th e major mineral assemblage is quartz, albite, orthoclase, hornblende and biotite. Zircon, titanite, apatite, and magnetite are found as accessory minerals ( Figure  3 ). Plagioclases generally exhibit albite twinning and normal oscillatory zoning due to changes in composition from core to rim. Th e mineral contains small inclusions of hornblende and biotite. Few plagioclases are altered into sericite. Alkali feldspars are mostly microcline or microperthite and may display a cloudy appearance due to sericitization. Most of the quartz minerals exhibit a polygonal structure and vary in size. Generally, amphiboles occur in euhedral-subhedral prismatic or rhombic forms with lamellar twinning (Figure 3a-d) .
Th e granite is subalkaline, high-K calc-alkaline in composition with A/CNK values < 1.1. Ba (288-1330 ppm), La (23-64 ppm), and Th (9-48 ppm) concentrations indicate enrichment in incompatible elements. Th e chondrite and primordial mantlenormalized element patterns also show enrichment in incompatible elements (Figure 4a, b) . High fi eld strength elements such as Pb and low fi eld strength elements such as Rb display negative anomalies (Figure 4b ). Negative anomalies in Sr are also signifi cant. Enrichment in LREE ([La/Yb] N = 6-17), as compared to HREE ([Gd/Yb] N = 1-1.6) is signifi cant in the chondrite-normalized patterns (Hasözbek et al. 2011) .
Mineral Chemistry
Th ree identical samples of the Alaçam granite, from margin to centre of the granite, were chosen for Alin-hornblende barometry evaluations (Figure 2) . Results of the microprobe analysis are presented in Table 1 . Chemical compositions of the rims and cores of the analyzed amphiboles do not exhibit major compositional diff erences ( Figure 5 ). Amphiboles are all calcic and range from pargasite to edenite in the calcic-a classifi cation (Figure 5a ). In the calcic-b classifi cation diagram of Leake et al. (1997) , they plot in the magnesiohornblende fi eld (Figure 5b ). Fe 3+ /Fe* ratio ranges from 0.20 to 0.37. Th e total Al content is between 0.942 and 1.609 cations per formula unit and A-site occupancy ranges from 0.295 to 0.555. Th e analytical studies by Hammarstrom & Zen (1986) and Hollister et al. (1987) suggested that the Al content of calcic amphibole allowed evaluating the pressure attending to pluton crystallization. Moreover, other experimental studies confi rmed an increase in Al content of hornblende with pressure (Schmidt 1992) . Pressure calculations for amphibole compositions (rim and core) are given in Table 1 . All data fall in the same range between 0.64 and 2.07 kbar. By using a conversion factor of 1 kbar= 3.7 km for continental crust (Tulloch & Challis 2000) and an error factor calculated for the pressure of ±0.5 kbar, the average intrusion depth estimate of the Alaçam granite is 4.7±1.6 km.
Sr-Nd-Pb-O Isotopes
Sr, Nd, Pb, and O isotope analyses are reported in (Table 2) .
Discussion
Emplacement Depths of Aegean and NW Anatolian Granites
Estimates of the emplacement depths of the Aegean and NW Anatolian Miocene granitoids are based on two main lines of evidence: (1) geological features which mainly comprise contact relationships between granitoids and host rocks, occurrence of volcanic counterparts of the pluton, or caldera-type structures (Altunkaynak & Yılmaz 1999; Yılmaz et al. 2001; Aydoğan et al. 2008; Akay 2009; Hasöz bek et al. 2010 Hasöz bek et al. , 2011 ; (2) geodynamic observations, such as core complexes and syn-extension emplacement structures (Işık & Tekeli 2001; Erkül 2010; Jolivet & Brun 2010; Stouraiti et al. 2010) . Evidence based on geological features is as follows: the Kozak, Evciler, Kestanbol, Eğrigöz and Koyunoba granitoids crop out with their volcanic counterparts and these granitoids pass gradually into porphyritic volcanic associations which imply a shallow emplacement depth of these granitoids (Karacık & Yılmaz 1998; Altunkaynak & Yılmaz 1998 , 1999 Yılmaz et al. 2001; Akay 2009) . Th e Eğrigöz and Alaçam granites exhibit wide microgranitic contact zones passing gradually inward into the coarser granitic body that indicates rapid cooling at shallow crustal levels. Rb-Sr biotite ages of 18.8±0.2 Ma from the Eğrigöz granite and 20.01±0.20 Ma from the Alaçam granite are almost concordant with the U-Pb zircon ages, demonstrating rapid cooling aft er emplacement . However, roof pendants of the Afyon Zone and the Menderes Massif are exposed in both the Eğrigöz and Koyunoba granites; moreover volcanic counterparts of the granites are intercalated in the granitic bodies (Akay 2009; Hasözbek et al. 2010) . Th ese features indicate shallow crustal emplacement levels in accordance with the estimate of the emplacement depth of the Alaçam granite.
In many cases, tectonic setting models of the Miocene granites did not properly take into account the emplacement depth of these granites. Most researchers suggested a large-scale crustal extension related emplacement model for these granitoids (i.e., Cyclades Miocene plutonic suites, Eğrigöz, Koyunoba and Alaçam granites in NW Anatolia) (Işık & Tekeli 2001; Bozkurt 2004; Seyitoğlu et al. 2004; Jolivet & Brun 2010; Stouraiti et al. 2010) . Th e extension model led to a deduction of an intrusion depth between the brittle-ductile transition zones. In general, these types of fault zones can form and evolve in the middle to lower crust (Ramsay 1980; Coward 1984) . Th e location of the transition zone between elastico-frictional (ductile) and quasiplastic (brittle) behaviour defi nes an emplacement depth of these granitoids between ca. 15-20 km (Sibson 1977; Brichau et al. 2007 Brichau et al. , 2008 Tirel et al. 2009 ), inconsistent with our new Al-in-hornblende thermobarometry calculations. As mentioned above, geochronological data indicate a rapid cooling of 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 5.000
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A site Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 HB 1 refers to Holland & Blundy (1990) Hbld-Plag thermometry calibration reaction edenite + 4 quartz= tremolite + albite, HB 2 refers to Holland & Blundy (1990) . Hbld-Plag thermometry calibration reaction edenite + albite = richterite + anorthite, BH refers to Blundy & Holland (1994) . Hbld-Plag thermometry calibration reaction edenite + 4 quartz= tremolite + albite. Pressure by Schmidt (1992) (Ps), and Anderson & Smith, (1995) . Cations based on 23O and summed to 13. r− rim, c− core, b− bright, d− dark. the granitic body on account of close consistency between the U-Pb zircon age (20.0±1.4 Ma) and RbSr biotite age (20.01±0.20 Ma) . Al-in-hornblende barometry evaluations were also performed on the Çavuşlu and Eybek plutons in NW Anatolia (Ghassab 1994) and resulting emplacement depth calculations are 8.7±2.2 km, 7.2±2.2 km respectively, indicating shallow emplacement levels. On a regional scale, i.e., from east to west along the northern and southern parts of the İzmir-Ankara Suture Zone, emplacement depths of the Miocene granitoids increases, but never reaches the depth of the transition zone between elastico-frictional (ductile) and quasi-plastic (brittle) where low-angle extension-related mechanisms might be triggered. Th erefore, the emplacement depth estimates of the Miocene granites greatly limit the crustal-scale extension model which requires deep-seated melt injections at about 15-20 km (Brichau et al. 2007 (Brichau et al. , 2008 into the footwall of a regional detachment fault.
Isotopic Compositions of the Alaçam Granite
Miocene granites of NW Anatolia are mostly peraluminous or slightly metaluminous I-type granitoids (Altunkaynak & Yılmaz 1999; Yılmaz et al. 2001; Aydoğan et al. 2008; Akay 2009; Hasözbek et al. 2010 Hasözbek et al. , 2011 . In NW Anatolia, S-type characteristics are mostly seen in the basement crystalline rocks such as gneisses of the Menderes Massif and the Afyon Zone . In the southern Aegean Sea, previous studies on both I-and S-type Miocene granitoids indicate a heterogeneous metasedimentary crustal source rather than mantle components (Stouraiti et al. 2010) . Granite generation, including in the Eastern Mediterranean area, is still hotly (Altherr & Siebel 2002; Stouraiti et al. 2010) . Stouraiti et al. (2010) inferred the granites to be derived from metasedimentary biotite-gneiss, marble, and amphibolites. In NW Anatolia, only a few studies addressed the generation of the Miocene granites (Aldanmaz et al. 2000; Dilek & Altunkaynak 2007 , 2009 Aydoğan et al. 2008) . Th ese researchers suggested a contribution of mantle material related to slab-break off was involved during magma generation. Aydoğan et al. (2008) Altunkaynak & Yılmaz 1999; Yılmaz et al. 2001; Akay 2009; Hasözbek et al. 2010 Hasözbek et al. , 2011 . I-and S-type notation usually implies that the rocks derived from pure igneous or sedimentary sources. However, this can easily be misleading because these are endmember types and many granites are likely to have a mixed source or undergone some contamination during their formation (Chen & Grapes 2007) .
In Figure 9 (Ikera, Tinos) . Besides, all granite samples from NW Anatolia and the Aegean islands plot in the crustal fi eld. Moreover, Sr-Nd-O isotopic constraints support an older crustal source (Menderes Massif) for the Alaçam granite, rather than a mantle contribution which was also previously envisaged for the Aegean Miocene granitoids (Juteau et al. 1986; Dilek & Altunkaynak 2007) . Additional evidence Sr vs 1000/Sr ratios for the Alaçam granite (see Table 2 ) implying assimilation rather than fractional crystallization during magma genesis. Pb ratios for the Alaçam granite. EM-Enriched Mantle, DP-Depleted Mantle, NHRL-Northern Hemisphere Reference Line, HIMUhigh-μ (Hart 1984 (Hart , 1988 Hart et al. 1986 ). Sr of the Alaçam granite (this study), Ikaria and Tinos granites (Altherr et al. 1998) showing the I-type and S-type granites in the Aegean Islands and NW Anatolia (Alaçam granite). Table 2 ) and various Miocene granitoids (Tinos, Ikaria) (Stouraiti et al. 2010 ) from the Aegean islands and basement rocks of the Menderes Massif (metagranite) .
